Recent advancements in magnetic resonance imaging have allowed for the early detection of biochemical changes in intervertebral discs and articular cartilage. Here, we assessed the feasibility of axial T2, T2* and T1ρ mapping of the lumbar facet joints (LFJs) to determine correlations between cartilage and intervertebral discs (IVDs) in early lumbar vertebral degeneration. We recruited 22 volunteers and examined 202 LFJs and 101 IVDs with morphological (sagittal and axial FSE T2-weighted imaging) and axial biochemical (T2, T2* and T1ρ mapping) sequences using a 3.0T MRI scanner. IVDs were graded using the Pfirrmann system. Mapping values of LFJs were recorded according to the degeneration grades of IVDs at the same level. The feasibility of T2, T2* and T1ρ in IVDs and LFJs were analyzed by comparing these mapping values across subjects with different rates of degeneration using Kruskal-Wallis tests. A Pearson's correlation analysis was used to compare T2, T2* and T1ρ values of discs and LFJs. We found excellent reproducibility in the T2, T2* and T1ρ values for the nucleus pulposus (NP), anterior and posterior annulus fibrosus (PAF), and LFJ cartilage (intraclass correlation coefficients 0.806-0.955). T2, T2* and T1ρ mapping (all P<0.01) had good Pfirrmann grade performances in the NP with IVD degeneration. LFJ T2* values were significantly different between grades I and IV (P L = 0.032, P R = 0.026), as were T1ρ values between grades II and III (P L = 0.002, P R = 0.006) and grades III and IV (P L = 0.006, P R = 0.001). Correlations were moderately negative for T1ρ values between LFJ cartilage and NP (r L = −0.574, r R = −0.551), and between LFJ cartilage and PAF (r L = −0.551, r R = −0.499). T1ρ values of LFJ cartilage was weakly correlated with T2 (r = 0.007) and T2* (r = −0.158) values. Overall, we show that axial T1ρ effectively assesses early LFJ cartilage degeneration. Using T1ρ analysis, we propose a link between LFJ degeneration and IVD NP or PAF changes.
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Introduction
Low back pain (LBP) is a common disease that limits the activities of daily living, and is thus a major economic burden on health care systems. It is widely accepted that intervertebral lumbar discs (IVDs) and lumbar facet joints (LFJs) are the main sources of LBP [1, 2] .
Degeneration changes in the IVD are characterized by a loss of hydrated proteoglycanrich matrix of the nucleus pulposus (NP) and collagen, both of which affect the mechanics of the IVD [3] . In facet joint (FJ) osteoarthritis, patients demonstrate a loss of articular cartilage matrix, morphological reconstruction of the subchondral bone, and local tissue inflammation [2, 4, 5] . IVD degeneration may also change the mechanical integrity of the local lumbar spine, which may cause LFJ disorder, leading to FJ osteoarthritis [6] . Particularly in the early stages of IVD degeneration, it can be difficult to detect the small morphological changes of the LFJ on plain radiography, computed tomography, or conventional magnetic resonance imaging (MRI) [4] . In addition, morphological MRI grading systems for LFJ dysfunction (e.g., Weishaupt grading) tend to have poor inter-rater agreement [7] .
With the improvements in MRI over the past two decades, new quantitative functional techniques-T2, T2
Ã and T1ρ mapping, diffusion-weighted imaging, and delayed gadoliniumenhanced MRI have been used to reveal early biochemical changes in IVDs and in articular cartilage [8] [9] [10] [11] . In IVDs and cartilage, T2 relaxation times are dependent on the quantity of water and the integrity of the proteoglycan(PG)-collagen matrix [12, 13] . During early disc degeneration, T2 mapping shows a decrease in water and glycosaminoglycan(GAG) content. When collagen degradation occurs in the LFJs, the increase in the water molecule content or an increased motion can be reflected as an increase of the T2 relaxation time, which indicates early damage [14] . In contrast, the T2 Ã relaxation time reflects the "true" transverse relaxation time. Theoretically, T2
Ã mapping and T2 mapping should similarly evaluate degeneration; however, some researchers report discrepant results for T2
Ã values in degenerative articular cartilage as a result of different patterns of cartilage degeneration such as via fibrocartilage replacement or synovial fluid invasion [15] . Most recent studies have shown that T2 Ã values decrease with an increase in cartilage degeneration, and these findings have suggested that T2 Ã mapping could be used as a clinical diagnostic protocol for identifying cartilage and disc degeneration [15] [16] [17] [18] .
T1ρ mapping, however, uses a "spin lock" pulse to change the relaxation rates of water associated with large macromolecules, such as PGs and GAGs. Decreased GAG content may lead to an increased mobile proton density in bulk water and an increased in T1ρ relaxation times. Therefore, T1ρ mapping could be a reliable method for quantitatively assessing PG content in IVDs and cartilage without the need for a contrast agent [3, [19] [20] [21] .
To the best of our knowledge, only a few articles have explored the relevance of biochemical parameters, such as T2 values for assessing LFJs and IVDs [7, 22] . The aims of this study were to explore whether axial T2, T2
Ã and T1ρ mapping are feasible for evaluating early changes in LFJ, and to determine if there is an association of the T2, T2
Ã , or T1ρ relaxation time between the LFJ and IVD in the degenerative process of the lumbar spine.
Materials and methods
The study was approved by our institution's research ethics committee of Xiangya Hospital, Central South University (NO. 201301008), and all volunteers involved in this study signed informed consent and agreed to the use of their imaging information for this analysis.
volunteers or other adults with nonspecific acute LBP, which was defined as pain lasting < 2 h per day over a period of < 3 months in subjects aged 20 to 45 years. The exclusion criteria were chronic LBP > 3 months, LBP caused by injury, LBP with a visual analog scale (VAS, 0-10 points, 0 stand for pain-free and gradually serious pain feeling with increasing points, 10 stand for the most serious) score ! 4 points, disc herniation or spinal stenosis, lumbar spondylolisthesis, tuberculosis, tumor or any other spinal diseases that would affect the stability of the lumbar spine and the loading state of the FJ. Subjects with a body mass index (BMI) > 25 or having other conditions that might generate unreadable data were also excluded from our study. All volunteers were examined by MRI in the morning (i.e., not after a long work day) to maintain the intervertebral discs in a relatively stable physiological situation.
MR imaging protocol
All MR examinations were performed by a 3.0 T MR unit (Signa HDxt; GE Medical Systems, Waukesha, WI, USA) and a dedicated eight-channel spine coil. Morphological (sagittal and axial FSE T2-weighted imaging) and biochemical (axial T2, T2
Ã and T1ρ mapping) sequences were performed, covering the IVDs L1/2 to L5/S1. T2 and T2 Ã mapping were carried out in the axial plane using a 2D multi-echo spin-echo (MESE) sequence and 2D multi-echo fast spoiled gradient-echo (ME-FSGRE) sequence, respectively (S1 Text). Five axial slabs with three slices each covered the five lumbar segments (discs and FJs L1/2 to L5/S1) in each patient for both techniques. Each two-dimensional slab (group of three slices) was aligned along the corresponding intervertebral disc. The central slice (slice 2 of 3), which covered the intervertebral disc and the slice caudal to the central slice (slice 3 of 3) were used for T2 and T2
Ã evaluation of the IVDs and the FJs respectively. T1ρ mapping was performed in the axial plane by 3D spoiled gradient-echo (SPGR) sequence (S1 Text). The spin-lock frequency was set to 500 Hz and the spin-lock times (TSLs) of 0, 10, 40 and 80 ms were used for acquisition. Each three-dimensional slab (group of eight slices) was aligned along the corresponding intervertebral disc. The slice (slice 5 of 8) covering the intervertebral disc and the slice caudal to central slice (slice 6 of 8) were used for T1ρ evaluation of the IVDs and the FJs respectively. All sequences and sequence parameters are shown in Table 1 .
Image analysis
Two experienced readers independently assessed the morphology of the IVDs from L1/2 to L5/S1 according to the Pfirrmann grading system on sagittal T2 FSE images. The Pfirrmann Correlation between facet joint cartilage and intervertebral discs using T2, T2*, and T1ρ mapping grading system is primarily based on changes in signal intensity from the NP, the distinction between the NP and the annulus fibrosus, and disc height [23] [24] [25] . The distribution of the 101 IVDs with respect to the Pfirrmann grades was determined independently by an experienced musculoskeletal radiologist (XJP) with 15 years' experience, and a spinal surgeon (CYD) with 20 years' experience. A senior radiologist with 13 years' experience manually selected the regions of interest (ROIs) on the working station (Function Software, ADW 4.4 workstation, GE Medical Systems, Waukesha, WI, USA) to measure the mapping values (S1 Fig). The ROIs for the IVDs were drawn on T2, T2 Ã and T1ρ maps according to the subject's anatomic shape. In addition, one large, circular ROI was selected for the NP, and two smaller circular ROIs were selected for the anterior annulus fibrosus (AAF) and the posterior annulus fibrosus (PAF), respectively. The ROI of the NP in the mid-sagittal line was about 50% to 60% of the disc diameter. The ROIs of the LFJs were drawn on each map across both articular surfaces of each FJ. All ROIs were selected and calculated on the left and right sides.
Statistical analysis
Mean values were used for statistical analyses. The intraclass correlation coefficients (ICC) with 95% confidence intervals (95% CIs) were used to evaluate the reproducibility of T2, T2
Ã and T1ρ relaxation times, and an ICC>0.75 was considered excellent agreement. The Kruskal-Wallis and Nemenyi tests were used to compare the differences in the T2, T2
Ã and T1ρ values of discs and LFJs among the different Pfirrmann grades. A Pearson correlation analysis was performed to compare T2, T2
Ã and T1ρ values of the disc and LFJs. The absolute value of correlation coefficients r were used to indicate very strong correlation (r = 0.80 to 1.00), strong correlation (r = 0.60 to 0.79), moderate correlation (r = 0.40 to 0.59), weak correlation (r = 0.20 to 0.39) or no correlation (r<0.20). All statistical evaluations were performed using PASW Statistics software (19.0, SPSS, Chicago, IL, USA). A P< 0.05 was considered statistically significant.
Results

Volunteers characteristics
A total of 22 volunteers were recruited (12 women and 10 men; mean age, 33.2 years, range, 21 to 44 years). In all, 202 LFJs and 101 IVDs from L1/2 to L5/S1 were assessed. The morphological IVD Pfirrmann grades on sagittal T2WI are shown in S1 Fig. The reproducibility for the three methods was excellent and the data are presented in Table 2 . Table 3 . There were statistically significant differences in the T2, T2
Ã and T1ρ values for the Ã and T1ρ values for the PAF (Fig 2) , we found no significant differences in the T2 values among the grades (P = 0.051, Fig 2A) . However, a significant difference was found in the T2 Ã values between Pfirrmann grades II (34.34±7.28 ms) and III (28.79±4.04 ms) (P = 0.005, Fig  2B) and in the T1ρ values between Pfirrmann grades II (73.67±7.55 ms) and III (63.24±7.85 ms) (P = 0.000, Fig 2C) and grades III and IV (52.69±4.99 ms) (P = 0.006, Fig 2C) .
Correlations of T2, T2
Ã and T1ρ values between the LFJ cartilage and IVD. The T2, T2
Ã and T1ρ values for the LFJ cartilage tended to change with an increase in Pfirrmann grade Correlation between facet joint cartilage and intervertebral discs using T2, T2*, and T1ρ mapping (Figs 3A, 4A and 5A and Table 3 ). The correlations between the T2, T2 Ã and T1ρ values for the LFJ and the IVD are shown in Figs 3, 4 and 5. For the T2 value of the LFJ, no significant differences were found among the four groups (P L = 0.961, P R = 0.855, Fig 3A) . The T2 value also showed no correlation between the LFJ cartilage and the NP (r L = 0.081,r R = 0.033, Fig 3B) , the AAF (r L = −0.169,r R = 0.046, Fig 3C) , or the PAF (r L = −0.004,r R = 0.047, Fig 3D) . Fig 4A) . The NP T2
Ã values were weakly correlated with the LFJ T2 Ã value (r L = 0.148,r R = 0.215, Fig 4B) . Neither the AAF T2 Fig 5A shows the mean T1ρ values for the LFJ at different IVD Pfirrmann grades. There were statistically significant differences among the four groups and between grades II (L, 50.70±4.38 ms; R, 50.71±4.36 ms) and III (L, 55.08±3.69 ms; R, 54.37±3.18 ms) (P L = 0.002, P R = 0.006), and grades III and IV (L, 60.80±3.65 ms; R, 60.46±4.32 ms) (P L = 0.006, P R = 0.001). A moderately negative correlation was found between the LFJ and the NP (r L = −0.574,r R = −0.551, Fig 5B) for the T1ρ value, as well as between the LFJ and the PAF (r L = −0.551,r R = −0.499, Fig 5D) . There was no correlation between the LFJ and the AAF (r L = −0.173, r R = −0.200, Fig 5C) . Correlation between facet joint cartilage and intervertebral discs using T2, T2*, and T1ρ mapping
Correlations between T1ρ values and the T2 and T2
Ã values of the LFJ. To avoid the mutual influence of the different methods, we next explored the relationships among the T1ρ value and the other two methods. Our results showed that the T1ρ values for LFJ were weakly correlated with the T2 (r = 0.007) and T2
Ã values (r = −0.158) (Fig 6) .
Discussion
Quantitative MRI has attracted increasing attention over the past two decades as a way to evaluate articular cartilage and IVD [18, [26] [27] [28] [29] . Many authors believe that T2, T2 Ã or T1ρ Correlation between facet joint cartilage and intervertebral discs using T2, T2*, and T1ρ mapping mapping are reliable for investigating early degeneration of cartilage [13, 15, 20, 30] . To the best of our knowledge, little research has been done to determine the T2, T2 Ã and T1ρ relaxation times of the LFJ and correlate changes in relaxation times of the IVD with degenerative changes.
Previous studies have reported the ranges of T2, T2 Ã and T1ρ values for healthy and osteoarthritis (OA) cartilage in knees [31] [32] [33] [34] . We performed axial T2, T2
Ã and T1ρ mapping of the LFJ and the IVD (Table 3) ; the values of the LFJ are close to those for knee joint cartilage [7, 22] . The mean and range of T1ρ values for the FJ cartilage in our study are the first such measurements to be reported. T2, T2
Ã and T1ρ mapping performed well in evaluating the degeneration changes of the IVDs in our study, with significant differences noted for the T2, T2
Ã and T1ρ values for the NP between Pfirrmann grades, especially between grades II and III. Furthermore, we measured a significant difference in the T2 Ã values for the PAF between Pfirrmann grades II and III, as well as in the T1ρ values for the PAF between grades II and III and grades III and IV; these results are similar to those reported by others [3, 18] .
The changes in the molecular biochemical components in degenerated IVDs can be accurately evaluated by T2, T2
Ã and T1ρ mapping. T2 mapping might be more sensitive to tissue hydration; however, T2 Ã mapping might be more sensitive to collagen integrity, and T1ρ mapping can show slow-motion interactions between macromolecules and bulk water in the extracellular matrix [7, 18, 21, 26, 28] . The main degenerative changes to the IVD are the loss of PG/ GAG and dehydration [22, 23, 25] . Considering the load-bearing characteristics of IVDs, the NP and PAF may suffer more stress than the AAF and show earlier and more severe signs of degenerative change. In previous work, the T1ρ relaxation time was shown to be associated with the change of PG/GAG, and T1ρ mapping could also be used to detect early changes of PG/GAG composition in IVD [26, 27] . Here, we found that T1ρ mapping was more sensitive in detecting early changes in the IVD than T2 and T2 Ã mapping. In this study, we noted different sensibilities for the T2, T2
Ã and T1ρ values of the FJ in detecting degeneration of the LFJ with increasing Pfirrmann grades of the IVD. T2
Ã and T1ρ values could detect LFJ changes with increasing Pfirrmann grades of IVD, but no significant results were found for T2 values. Stelzeneder D et al. reported comparable results regarding FJ Correlation between facet joint cartilage and intervertebral discs using T2, T2*, and T1ρ mapping T2 values in segments with normal and abnormal Pfirrmann scores [7] . Compared with T2 and T2
Ã , T1ρ values showed better sensitivity for detecting early degenerative changes in the FJ cartilage. In the LFJ, the changes in degeneration as measured by T2, T2
Ã and T1ρ values were similar to previous results found in other joints [12, 31, 32, 35, 36] . LFJ cartilage degeneration is mainly associated with alterations in water, collagen and PG, which play important roles in different stages of degeneration [5, 8] . Previous studies in other joints have shown that at a very early stage of cartilage degeneration, the GAG content might change more obviously than the collagen content [10, 19] , and this change could be detected by the T1ρ relaxation time. Therefore, in LFJ degeneration, T1ρ values seem to offer a more sensitive and reliable method to assess the early changes in the cartilage.
Another meaningful finding in this study was that the degenerative changes of the LFJ may correlate with IVD degeneration, as measured through T1ρ values, especially the NP and the PAF. We did not find any meaningful correlations for T2 and T2
Ã values for the LFJ. A previous study found that FJs were weakly correlated with T2 values for the PAF according to axial T2 mapping [7] . However, there is a lack of more direct studies that could prove the correlation between LFJ degeneration and the changes in the IVD measured using other mapping values. As described in the literature, changes in the lumbar spine mechanics environment during IVD degeneration may affect the loading distribution on the subchondral bone of the LFJ, and this would lead to functional and morphological changes in the cartilage [4, 37] . Changes in the biochemical values that reflect early degeneration of the IVD are dependent on interactions between free water and matrix molecules. T1ρ values that reflect dehydration and loss of the PG in the NP were negatively correlated with that of the LFJ, suggestive of increased water content and decreased GAG content of the LFJ cartilage. Degenerative discs can cause an increase in force transmission across the FJs and, in turn, a change in the orientation and stability of the FJ can affect the disc. Degeneration in the PAF causes a reduction of load-bearing capacity, which leads to degeneration of the LFJ cartilage and, later, a further change in the PAF. Our results also suggest that the NP and the PAF degenerate before the AAF, and that PAF degeneration is closely associated with FJOA. In this study, all of the volunteers who were recruited were less than 45 years old and the Pfirrmann grades of the IVDs for these subjects were mainly distributed within grades I to III. The biochemical changes in the LFJ in our study cohort were mainly due to the loss of PG/GAG content, as described before. Low GAG levels are represented by high T1ρ values, and the loss of PG/GAG results in an increase in the T1ρ relaxation time in articular cartilage [20] . However, in degenerated IVDs, the reduced water content is recognized as a contributing factor that causes a decrease in T1ρ values [27, 38] . Therefore, we found a negative correlation between LFJs and IVDs confirmed only by T1ρ values. T1ρ values for the LFJ were weakly correlated with the T2 and T2
Ã values, suggesting that changes to the LFJs are detected earlier by T1ρ, and that the sensitivity of T1ρ exceeds that of T2 Ã and T2 measurements. The major limitation of our study was that there was no histological assessment of disc degeneration or LFJ cartilage. We should also point out that the T2, T2
Ã and T1ρ values of the LFJ cartilage do not remove the effect of joint fluid, and this may be a result of relatively poor resolution of the mapping. However, there appears to have been a limited effect of joint fluid on our results.
Our study uniquely assessed the feasibility of detecting IVD and LFJ degeneration using three quantitative biochemical methods on axial scanning. Our results demonstrated that T1ρ values are more sensitive than T2 and T2
Ã values for assessing the early degenerative changes in the LFJ cartilage, and showed that LFJ degeneration may be correlated with changes in the NP and PAF of the IVD. 
